INTRODUCTION {#s1}
============

Angiogenesis is the process by which new capillaries sprout from existing blood vessels \[[@r1]\]. It is required in several physiological processes, including development, reproduction, and wound healing \[[@r2], [@r3]\], and is also implicated in pathological conditions such as cancer, rheumatoid arthritis, psoriasis, atherosclerosis, and retinal neovascularization \[[@r2], [@r4],[@r5],[@r6],[@r7]\]. Because tumor growth and metastasis are closely related to angiogenesis, angiogenesis inhibitors have been used for anticancer therapy.

The process of angiogenesis involves the proliferation, differentiation, migration, and tube formation of endothelial cells \[[@r1]\]. It is mainly regulated by different growth factors and their receptors \[[@r3], [@r8]\] including vascular endothelial growth factor (VEGF). Also known as VEGF-A, this dimeric glycoprotein is specific to endothelial cells and is considered one of the most important regulators of angiogenesis \[[@r9],[@r10],[@r11]\]. VEGF overexpression occurs in various tumors and contributes to tumor angiogenesis \[[@r3], [@r4], [@r11]\]. VEGF is also overexpressed in other pathological conditions such as rheumatoid arthritis and retinal neovascularization \[[@r3], [@r4], [@r11]\].

The angiogenic activity of VEGF is mediated by its binding to two tyrosine kinase receptors, VEGF receptor 1 (VEGFR1), also called Fms-like tyrosine kinase-1 (Flt-1), and VEGFR2, also called fetal liver kinase-1 (Flk-1) or kinase insert domain-containing receptor (KDR) \[[@r8], [@r10],[@r11],[@r12]\]. Several studies have revealed that the tyrosine kinase activity of VEGFR2 is much stronger than that of VEGFR1 and that the VEGF/VEGFR2 pathway plays a central role in angiogenic signaling \[[@r5], [@r13], [@r14]\]. The binding of VEGF to VEGFR2 induces dimerization and autophosphorylation of the receptor, which then leads to the phosphorylation and activation of several downstream signal transduction proteins including Akt, extracellular signal-regulated kinase (ERK)1/2, and p38 mitogen-activated protein kinase (MAPK) \[[@r8], [@r15]\]. These signaling proteins play a crucial role in regulating important cellular functions including survival, proliferation, migration, and reorganization \[[@r8], [@r9], [@r16], [@r17]\].

Modified rice bran hemicellulose (MRBH) is a water-soluble hemicellulose obtained by reacting rice bran hemicellulose with multiple carbohydrate hydrolyzing enzymes from shiitake mushrooms. The average molecular weight of MRBH is 8,000 Da, and the main chemical structure of MRBH is arabinoxylan, with a xylose in its main chain and an arabinose polymer in its side chain ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Main chemical structure of MRBH.) \[[@r18], [@r19]\]. Previous studies have demonstrated that MRBH has immunostimulatory effects, including enhancement of natural killer (NK) cell activity both *in vitro* and *in vivo* \[[@r20],[@r21],[@r22]\], increase of the T and B cell mitogen response \[[@r18]\], augmentation of macrophage phagocytosis \[[@r23]\], and promotion of dendritic cell (DC) maturation \[[@r24],[@r25],[@r26],[@r27]\]. MRBH also protects against γ-irradiation-induced hematopoietic damage in mice \[[@r28]\] and has anti-inflammatory effects on D-galactosamine-induced hepatitis in rats \[[@r29]\] and chronic rheumatism \[[@r30]\] and irritable bowel syndrome (IBS) in humans \[[@r31]\]. In addition, the low molecular weight fraction (≤400 Da) of MRBH obtained by hydrolysis of MRBH with HCl at 100°C exhibited a stronger hepato-protective effect than MRBH in rats \[[@r29]\]. However, it remains unclear whether MRBH possesses anti-angiogenic effects. To address this possibility, we investigated the anti-angiogenic activity of MRBH in VEGF-induced angiogenesis *in vitro* by examining tube formation, proliferation, and migration. We also studied the signaling pathways of VEGFR2 and downstream signaling proteins Akt, ERK1/2, and p38 MAPK to elucidate the anti-angiogenic mechanism of MRBH.

MATERIALS AND METHODS {#s2}
=====================

Reagents
--------

Recombinant human VEGF, thiazolyl blue tetrazolium bromide (MTT), 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT), phenylmethylsulfonyl fluoride (PMSF), and 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) were purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). RIPA buffer and chemiluminescent substrate were obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA). Dimethyl sulfoxide, sodium fluoride (NaF), and bovine serum albumin (BSA) were from Wako Pure Chemical Industries (Osaka, Japan). Bradford reagent was purchased from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). MRBH, also called MGN-3 or BioBran, was provided by Daiwa Pharmaceutical Co., Ltd. (Tokyo, Japan).

Cell culture
------------

Human umbilical vein endothelial cells (HUVECs) were obtained from Lonza Walkersville, Inc. (Walkersville, MD, USA), and maintained in EGM-2 endothelial cell growth medium-2 containing EBM-2 basal medium and the contents of an EGM-2 SingleQuots kit (Lonza) at 37°C and with 5% CO~2~.

Human dermal fibroblasts (HDF) were purchased from Cell Applications, Inc. (San Diego, CA, USA). They were maintained in Eagle's minimum essential medium (Nissui, Tokyo, Japan) with 10% fetal bovine serum (FBS, Japan Bio Serum, Hiroshima, Japan) at 37°C and with 5% CO~2~.

Tube formation assay
--------------------

HUVECs and HDF were co-cultured in 24-well plates according to the method of Bishop \[[@r32]\]. The co-cultured cells were cultivated for 10 days in EGM-2 in the presence or absence of VEGF (10 ng/ml) with or without MRBH (0.3, 1, or 3 mg/ml). The medium was refreshed every 2--3 days. At the end of cultivation, the cells were fixed with 70% ice-cold ethanol. They were incubated with a mouse anti-human platelet-endothelial cell adhesion molecule-1 (PECAM-1, a specific marker of endothelial cells highly expressed at endothelial cell intercellular junctions \[[@r33]\]) antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 hr at 37°C and then with a goat anti-mouse IgG alkaline phosphatase-conjugated antibody (Sigma) for 1 hr at 37°C. The cells were subsequently stained with BCIP/NBT. After five randomly selected fields of each well were photographed, the area, length, joints, and paths of the tubes were quantified using Angiogenesis Image Analyzer Ver. 2 (Kurabo, Osaka, Japan).

Cell proliferation assay
------------------------

HUVEC proliferation was evaluated by estimating the viable cells using the MTT formazan production method \[[@r34]\]. Briefly, HUVECs (2 × 10^3^ cells/well) were seeded in a 96-well plate in EGM-2 and incubated at 37°C with 5% CO~2~. After 24 hr, the medium was removed, and EBM-2 with 2% FBS was added. Cells were incubated for a further 24 hr and then were subsequently incubated in fresh medium in the presence or absence of VEGF (10 ng/ml) with or without MRBH (0.3, 1, or 3 mg/ml) for 72 hr. To assay for proliferation, 10 µl MTT reagent per well was added and further incubated for 4 hr. The formazan produced was solubilized with dimethyl sulfoxide, and the absorbance of the formazan solution was measured in a microplate reader at 550 nm.

Cell migration assay
--------------------

A cell migration assay was performed using a scratch wound healing format. HUVECs were seeded onto collagen-coated 12-well plates in EGM-2 and allowed to form confluent monolayers. The cells were then washed with phosphate-buffered saline (PBS) and cultured in EBM-2 with 1% FBS for 24 hr. A scratch was created on each confluent monolayer using a 200 µl sterile pipette tip perpendicular to the bottom of the well. After washing with PBS, the cells in EBM-2 with 1% FBS were treated with vehicle (control), VEGF (10 ng/ml), or VEGF plus MRBH (0.3, 1, or 3 mg/ml) for 21 hr. The number of cells migrating into the wounded region in four randomly selected fields per well was then counted.

Western blot analysis
---------------------

Subconfluent HUVECs were starved in EBM-2 with 0.3% FBS for 17 hr. After refreshing the medium, the cells were preincubated with vehicle or MRBH (3 mg/ml) for 30 min and then incubated with or without VEGF (10 ng/ml) for 15 min. To prepare whole cell lysates, cells were lysed in RIPA buffer supplemented with 1 mM AEBSF, 50 mM NaF, and 1 mM PMSF. The supernatant was obtained by centrifuging the lysate at 16,000×*g* for 30 min at 4°C and was used for western blot analysis. Protein concentrations were measured using the Bradford protein assay. Equal amounts of total proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes. The membranes were blocked with blocking buffer (5% BSA with 0.1% Tween-20 in Tris-buffered saline) for 1 hr at room temperature. After blocking, the membranes were incubated overnight at 4°C with one of the following primary antibodies: anti-VEGFR2, anti-phospho-VEGFR2 (Tyr1175), anti-Akt, anti-phospho-Akt (Ser473), anti-ERK1/2, anti-phospho-ERK1/2 (Thr202/Tyr204), anti-p38, anti-phospho-p38 (Thr180/Tyr182), or β-actin (Cell Signaling Technology). Subsequently, the membranes were incubated with alkaline phosphatase conjugated goat anti-rabbit IgG (Sigma) for 1 hr at room temperature. Specific bands were detected by the chemiluminescent substrate with an AE-9300 Ez-Capture MG chemiluminescent imaging system (ATTO, Tokyo, Japan) and analyzed by CS Analyzer 3.0 (ATTO).

Statistical analysis
--------------------

Results are expressed as the mean ± SEM. Statistical analysis was performed using the Tukey-Kramer HSD test. A p-value less than 0.05 was considered statistically significant.

RESULTS {#s3}
=======

MRBH inhibits VEGF-induced tube formation
-----------------------------------------

We first evaluated the anti-angiogenic effect of MRBH on VEGF-induced tube formation in HUVECs co-cultured with HDF at concentrations of 0.3, 1, and 3 mg/ml. After 10 days of co-culture, the cells were fixed and stained for PECAM-1. Representative images are shown in [Fig. 2(A)](#fig_002){ref-type="fig"}Fig. 2.Effect of MRBH on VEGF-induced tube formation.HUVECs co-cultured with HDF were treated with vehicle (control), VEGF (10 ng/ml), or VEGF plus MRBH (0.3, 1, or 3 mg/ml) for 10 days. After the cells were fixed and stained, the images were photographed (A), and the area, length, joints, and paths of tubes were quantified using an angiogenesis image analyzer (B). Scale bars, 100 μm. Data in B are presented as the mean ± SEM (n=4). Means not sharing a common letter are significantly different (p\<0.01).. Quantitative analysis indicated that MRBH dose-dependently inhibited VEGF-induced capillary-like structure formation including the area, length, joint, and path of tubes ([Fig. 2(B)](#fig_002){ref-type="fig"}).

MRBH inhibits VEGF-induced cell proliferation
---------------------------------------------

Next, we investigated the effect of MRBH on HUVEC proliferation using the MTT assay. VEGF at 10 ng/ml increased cell proliferation to 135% that of the control ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Effect of MRBH on VEGF-induced cell proliferation.HUVECs were treated with vehicle (control), VEGF (10 ng/ml), VEGF plus MRBH (0.3, 1, or 3 mg/ml), or MRBH alone (0.3, 1, or 3 mg/ml) for 72 hr. Cell proliferation was estimated by the MTT assay. Data are presented as the mean ± SEM (n=4). Means not sharing a common letter are significantly different (p\<0.01).). MRBH suppressed the VEGF-induced increase in proliferation in a concentration-dependent manner and had a significant effect at a concentration of 1 mg/ml. MRBH alone also decreased cell proliferation but to a lesser extent than in the presence of VEGF. No significant difference was observed among the three concentrations (0.3, 1, and 3 mg/ml) of MRBH alone.

MRBH inhibits VEGF-induced cell migration
-----------------------------------------

The effect of MRBH on HUVEC migration was examined in a wound-healing assay. Confluent monolayers of HUVECs on collagen-coated 12-well plates were scratch wounded and treated with vehicle (control), VEGF (10 ng/ml), VEGF plus MRBH (0.3, 1, or 3 mg/ml), or MRBH alone (0.3, 1, or 3 mg/ml) for 21 hr. Images were then taken ([Fig. 4(A)](#fig_004){ref-type="fig"}Fig. 4.Effect of MRBH on VEGF-induced cell migration.VEGF-induced migration of HUVECs was examined in a wound-healing assay. After the wounded HUVECs were treated with vehicle (control), VEGF (10 ng/ml), VEGF plus MRBH (0.3, 1, or 3 mg/ml), or MRBH alone (0.3, 1, or 3 mg/ml) for 21 hr, images were taken (A), and the number of cells migrating into the wounded region was counted (B). Scale bars, 100 μm. Data in B are presented as the mean ± SEM (n=4). Means not sharing a common letter are significantly different (p\<0.01).), and the number of cells that migrated into the wounded region was counted ([Fig. 4(B)](#fig_004){ref-type="fig"}). As shown in [Fig. 4(B)](#fig_004){ref-type="fig"}, migration of HUVECs in the presence of VEGF was increased to 2.4-fold that of the control. MRBH significantly inhibited this VEGF-induced migration at a concentration of 1 mg/ml, while MRBH alone had no significant effect on cell migration.

Effect of MRBH on VEGF-induced phosphorylation of VEGFR2 and downstream signaling proteins
------------------------------------------------------------------------------------------

To determine whether the anti-angiogenic effects of MRBH corresponded with the suppression of VEGFR2 and downstream signaling proteins Akt, ERK1/2, and p38, we assessed the effects of MRBH on VEGF-induced phosphorylation of these proteins in HUVECs by western blot analysis.

HUVECs were pretreated with vehicle or MRBH (3 mg/ml) for 30 min and then treated with or without VEGF (10 ng/ml) for 15 min. VEGF (10 ng/ml) treatment significantly increased the phosphorylation of VEGFR2, Akt, ERK1/2, and p38. MRBH (3 mg/ml) treatment alone caused no significant change in the expression of these proteins compared with the control. However, pretreatment with MRBH (3 mg/ml) significantly decreased the VEGF-induced phosphorylation of these proteins ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Effect of MRBH on VEGF-induced phosphorylation of VEGFR2 and downstream signaling proteins.HUVECs were pretreated with vehicle or MRBH (3 mg/ml) for 30 min and then treated with or without VEGF (10 ng/ml) for 15 min. Phosphorylation of VEGFR2, Akt, ERK1/2, and P38 in whole cell lysates was determined by western blot analysis. (A) Data are representative of three individual experiments with identical conditions. (B--E) Band intensities were quantified and represented as a bar graph. Data are presented as the mean ± SEM (n=3). Means not sharing a common letter are significantly different (p\<0.05 for C and D; p\<0.01 for B and E).).

DISCUSSION {#s4}
==========

Angiogenesis is implicated in diverse pathological conditions including cancer and chronic inflammation such as rheumatoid arthritis and psoriasis \[[@r2], [@r4],[@r5],[@r6],[@r7]\]. In this study, we found that MRBH has inhibitory effects on angiogenesis *in vitro*. Our results concerning anti-angiogenic mechanisms suggest that MRBH suppresses VEGF-induced activation of VEGFR2 as well as the downstream signaling proteins Akt, ERK1/2, and p38 ([Fig. 5](#fig_005){ref-type="fig"}).

Earlier studies indicated that MRBH exerts anti-tumor effects in animal models \[[@r22], [@r35], [@r36]\] and human patients \[[@r25], [@r37]\] through the enhancement of NK activity \[[@r20],[@r21],[@r22], [@r35]\], an increase in the T and B cell mitogen response \[[@r18]\], the augmentation of macrophage phagocytosis \[[@r23]\], and the promotion of dendritic cell maturation \[[@r24],[@r25],[@r26],[@r27]\]. It was also shown to have anti-inflammatory effects, with observed protective actions in acute liver injury in rats \[[@r29]\] and improvement effects on chronic rheumatism \[[@r30]\] and IBS \[[@r31]\] in humans.

CD95 (Fas/ APO-1) is a death receptor that belongs to the tumor necrosis factor receptor (TNFR) superfamily \[[@r38]\]. MRBH has been reported to sensitize leukemia cells to apoptosis mediated by the anti-CD95 antibody. MRBH treatment had no effect on the level of expression of CD95, but it caused downregulation of expression of B-cell lymphoma 2 (Bcl-2), which has been shown to protect the cells from apoptosis induced by diverse agents \[[@r39]\]. DEC-205 is a dendritic and epithelial cell receptor with a molecular weight of 205 kDa and belongs to the macrophage mannose receptor family of C-type lectin endocytic receptors \[[@r40]\]. Previous studies have demonstrated that MRBH enhances generation of cytotoxic CD8+ T cells via upregulation of DEC-205 expression on DCs \[[@r27]\]. MRBH also upregulates the expression of co-stimulatory molecules CD83 and CD86, which are expressed on mature DCs \[[@r26]\]. MRBH-stimulated DCs cause increased production of pro-inflammatory and immunoregulatory cytokines, including interleukin (IL)-1β, IL-6, IL-10, TNF-α, IL-12p40, IL-12p70, IL-2, and interferon lambda 1 (INF-λ1/IL-29/type III interferon) \[[@r26], [@r27]\]. In addition, MRBH has been shown to enhance the production of IL-12 and IFN-γ in 30 multiple myeloma patients \[[@r25]\]. However, it was unclear whether MRBH influences angiogenesis.

Angiogenesis is a multistep process including the proliferation, migration, and tube formation of endothelial cells \[[@r1]\]. The central regulator of angiogenesis is VEGF, a potent mitogen for vascular endothelial cells derived from arteries, veins, and lymphatics \[[@r3], [@r9], [@r10]\]. VEGF plays a prominent role in normal and abnormal angiogenesis, mainly by stimulating vascular endothelial cell proliferation, increasing vascular permeability, and promoting the survival and migration of endothelial cells \[[@r3], [@r8], [@r11]\].

In this study, we found that MRBH significantly inhibits VEGF-induced tube formation in HUVECs co-cultured with HDF ([Fig. 2](#fig_002){ref-type="fig"}). We also observed that MRBH significantly suppresses the VEGF-induced proliferation ([Fig. 3](#fig_003){ref-type="fig"}) and migration ([Fig. 4](#fig_004){ref-type="fig"}) of HUVECs. These results suggest that MRBH exerts anti-angiogenic effects *in vitro* by inhibiting the proliferation and migration of HUVECs.

Recent studies have demonstrated that VEGF mediates its angiogenic activity mainly through the tyrosine kinase receptor VEGFR2, while the VEGF/VEGFR2 pathway is thought to be the main signaling pathway of angiogenesis \[[@r5], [@r13],[@r14],[@r15]\]. Survival signaling from VEGFR2 is mainly transduced through the phosphoinositide 3-kinase (PI3 K)/Akt pathway, in which Akt is recognized as a critical regulator \[[@r9], [@r17], [@r41]\]. Akt is considered to be a key downstream kinase in the VEGF signaling cascades because of its roles in survival, proliferation, and migration of endothelial cells \[[@r9], [@r17], [@r41], [@r42]\].

The binding of VEGF to VEGFR2 results in VEGFR2 dimerization and the autophosphorylation of the Tyr1175 residue, which is crucial for VEGF-dependent endothelial cell proliferation \[[@r43]\]. VEGFR2 activation leads to the activation of both ERK1/2 and p38 MAPK pathways \[[@r8], [@r9]\]. ERK1/2 plays an important role in cell proliferation \[[@r8], [@r15]\], whereas p38 MAPK is implicated in vascular permeability, actin organization, and cell migration \[[@r8], [@r16], [@r44], [@r45]\].

Our exploration of the anti-angiogenic mechanism of MRBH shows that MRBH pretreatment significantly decreased the VEGF-induced activation of VEGFR2 in HUVECs ([Fig. 5(B)](#fig_005){ref-type="fig"}). This inhibition of a key receptor represents a mechanism for the suppression effects of MRBH on cell proliferation, migration, and tube formation. MRBH was reported to be partially absorbed from the gut into the blood after oral intake of MRBH in mice \[[@r46]\]. The results from this study suggest that MRBH might directly inhibit VEGF binding to VEGFR2 in HUVECs, leading to suppression of the VEGFR2 phosphorylation. Additionally, MRBH pretreatment significantly inhibited VEGF-induced phosphorylation of the downstream signaling proteins Akt, ERK1/2, and p38 ([Fig. 5(C--E)](#fig_005){ref-type="fig"}), suggesting that the influence of MRBH on cell proliferation might be through the PI3 K/Akt and ERK1/2 pathways following VEGFR2 activation. On the other hand, the observed inhibition of VEGF-induced migration by MRBH may be partly due to the reduction of VEGF-induced p38 activation, because p38 activated by VEGFR2 is involved in cell migration \[[@r8], [@r15]\].

VEGF is upregulated in many tumors \[[@r3]\] and contributes to the development of solid tumors by promoting tumor angiogenesis \[[@r3], [@r8]\]. Our findings of the inhibitory effects of MRBH on VEGF-induced angiogenesis are in agreement with previous reports concerning the anti-tumor activity of MRBH \[[@r22], [@r25], [@r35],[@r36],[@r37]\]. The anti-angiogenic activity of MRBH could contribute to its tumor suppression effects, as well as its anti-inflammatory effects on humans with chronic rheumatism \[[@r30]\] and IBS \[[@r31]\] and on acute liver injury in rats \[[@r29]\].

In conclusion, to our knowledge, this is the first study to demonstrate that MRBH has inhibitory effects on angiogenesis *in vitro*. The observed inhibition of VEGFR2 and downstream signaling proteins Akt, ERK1/2, and p38 is a possible anti-angiogenic mechanism. Moreover, the effects of MRBH on tumor growth \[[@r25], [@r35],[@r36],[@r37]\] and inflammation \[[@r29],[@r30],[@r31]\] reported previously might also be associated with its anti-angiogenic activity. Our findings suggest that MRBH might be effective in the treatment of angiogenesis-related diseases, and this requires further study.
